By atomic force microscopy, the surface evolution and kinetic roughening of nanostructured Ag islands on silicone oil surfaces are studied. It is found that the islands are composed of quasi-circular granules with planar size around 50.0 nm, which is approximately independent of nominal thickness d. Our measurement indicates that the geometrical shape of the granules changes from plateau to sphere as d goes up. The dynamic scaling analysis reveal that the roughness exponent varies between 0.80 and 0.90 as d increases. The average roughness w rms shows power-law relationship with d and the growth exponent ¼ 0:53 AE 0:03 when d 4:0 nm. However, w rms deviates obviously from the power-law relationship for the samples with d > 4:0 nm. This anomalous behavior of is explained by the competition between the shadowing and reemission processes, and then the kinetic evolution and formation mechanism of the islands are presented.
Introduction
Kinetic roughening of the non-equilibrium system from vapor phase has fundamental importance in understanding the atomic process that happens in the early stages of the thin-film growth. A sophisticate and quantitative method to investigate such roughening process is to explore the dynamic scaling behavior in which the interfacial width holds the information of the surface morphology. [1] [2] [3] The interfacial width is the root mean square of the surface, which can be defined as w rms ðL; tÞ ¼ h½hðr; tÞ À " h 2 i 1=2 . Here hðr; tÞ represents the surface height and " h is the average value of hðr; tÞ. The notation hÁ Á Ái denotes an average over a system size L. In a self-affinity system, the interfacial width w rms ðL; tÞ obeys the Family-Vicsek function: 4) w rms ðL; tÞ ¼ t f L t = ; ð1Þ which can be simplified to w rms ðL; tÞ / t for L=t = ! 0 and w rms ðL; tÞ / L when L=t = ! 1. Here and are roughness and growth exponent, respectively. The so-called dynamic scaling exponent is defined as z ¼ = and $ t 1=z is called the correlation length.
Generally speaking, the essential properties of the scaling can be described by the KPZ equation:
The KPZ equation considers the system with non-conservative particles and takes desorption as the main surface relaxation process and therefore is ruled out for the molecular beam epitaxial (MBE) system where the atom diffusion domains the surface relaxation. 6) In order to incorporate the diffusion process, a number of conservative continuum equations have been created, 7, 8) which result in different values and ''crossover behavior'' of the scaling exponents. 9, 10) In sputtering and chemical vapor deposition, Pelliccione et al. observe that the shadowing and reemission of the deposition atoms take effects on the mound formation, and then a nonlocal dynamic scaling mode is established.
11)
Different from the case in solid substrates, liquid substrates provide a near free standing environment to the deposited atoms, which finally leads to numbers of characteristic phenomena. [12] [13] [14] [15] [16] [17] [18] A special finding among them is that the Nickel thin films (islands) deposited on the liquid substrates show self-affinity structure and approximately obey the traditional KPZ equation, which allows us to study other metallic island or thin film systems on the liquid surface by employing dynamic scaling analysis. 19) In this paper, we change the nominal film thickness and then a quantitative insight to the growth mechanism of Ag islands deposited on the silicone oil surface is presented. By investigating the scaling exponent, it is found that relationship between the average roughness of the islands and the nominal thickness fits the power-law relationship for the early deposition stage and then deviates obviously from the power-law relationship as the thickness further increases. This anomalous dynamic behavior finally mirrors the characteristic growth mechanism of the islands.
Experimental Methods
Samples were prepared in a vacuum of 3:0 Â 10 À4 Pa and temperature 285 AE 3 K by thermal evaporation method. Commercial silicone oil (Dow Corning 705 Diffusion Pump Fluid) with a vapor pressure below 10 À8 Pa was painted onto a frosted glass surface with an area about 8:0 Â 10:0 mm 2 and had a uniform thickness of %0:5 mm. Pure Ag wires (99.999%) were hanged on the filament (tungsten) as the evaporation source which was 135 mm above the substrate surface. The deposition rate was fixed to f ¼ 0:02 nm/s and the nominal film thickness d varies from 0.5 to 8.0 nm, which was determined by a quartz-crystal balance (CRTM 8000) and calibrated by an atomic force microscope (AFM; Veeco DI3000).
After deposition, the samples were kept in the evaporation chamber for time period Át ¼ 0:5 h. An optical microscope (Leica DMLM) was used to take images for the Ag atomic islands after the samples were removed out from the vacuum chamber. After optical imaging, the Ag islands were separated from the oil surface to a polished Si slide surface (with average roughness about 0.2 nm), and then washed carefully with acetone and ethanol. 17) After that, AFM was used to study the topographies of the as prepared samples in tapping mode. The measurements were performed in the ambient condition with a Si tip (tip curvature radius 10 nm) and the scan areas were 10:0 Â 10:0, 6:0 Â 6:0, and 2:0 Â 2:0 m 2 with resolution 512 Â 512 pixels. The root mean square roughness w rms , which quantifies the surface of the islands, can be directly obtained from the AFM images by AFM software. By linear fitting the double logarithmic w rms vs d diagram, the value was determined. The roughness exponent was obtained by analyzing the one dimensional power spectra density (1DPSDs) of the film surfaces. 19) In one dimensional case, the 1DPSD can be defined as the Fourier expansion of spatial frequency f s : 1=l Ã ð R hðxÞe i2f s x dxÞ, where l and x represent the scan length and fast scan direction of an area scan, respectively. hðxÞ is the line profile height which can be obtained from the line section of the AFM images. Since the 1DPSD of the affine structure obeys K 0 f À s , 19) the value is the slope of the linear fit of the double logarithmic diagram of 1DPSD vs f s . In our experiment, the line scan dimension was 1, and then ¼ ð À 1Þ=2. 19, 20) These discrepancies may be resulted from the differences of the absorption energy of these three elements on the oil surface. Combining the average height obtained from Figs. 1(c) and 1(d) , it is not difficult to conclude that the shape of granules changes from plateau to sphere as the thickness increases. 3)
Results and Discussion
The surface features are characterized not only by the roughening exponent but also the growth exponent . We extract the value of average roughness w rms from 10:0 Â 10:0 m 2 sized AFM images, since the AFM scan with this size can conclude enough islands for analysis. Furthermore, it should be noted that each value of surface roughness is obtained by averaging more than 5 AFM images with the same deposition condition in order to lower the error. The evolution behavior of average surface roughness w rms with the nominal thickness d is demonstrated by the log-log plot in Fig. 4 . It is found that the value of log w rms shows nonlinear dependent of log d in Fig. 4 , which is obviously different from the cases described by traditional KPZ equation where the linear relationship in double logarithmic w rms vs d diagram is always expected. 1, 8, 19) By linear fitting the data for d 4:0 nm in Fig. 4 , the growth exponent is given as ¼ 0:48 AE 0:05.
In modes based on the KPZ equation, the growth exponent is smaller than 0.5, since they consider desorption or surface diffusion as the relaxation of the films, 1, 7, 8) which seems to be ruled out in our experiment at least in the case when d 4:0 nm. On the other hand, Pelliccione et al. reveal that the shadowing effect during mound formation in sputtering system leads to the sharp increase of the average roughness and then the growth exponent ¼ 0:55 AE 0:09, 11) which is close to our findings for d 4:0 nm. Due to the relatively weak interaction between the Ag atoms and the substrate (oil molecules), granule formation is commonly resulted in the thin film system on oil surfaces. 17, 20) As we have concluded above, the shape of the granule is plateau for d ¼ 1:0 nm, which is resulted from the characteristic interaction between the deposition Ag atoms and the liquid molecules. In this case, the shadowing effect happens frequently on the granule surfaces and then the surfaces become rougher. On the other hand, the deposition atoms landing on the island surface may not have enough energy to overcome the relatively large Schwoebel barrier 21) to diffuse down to the lower layers of the islands. This process, leading to the formation of the rough mounds, also makes contribution to the sharp increase of the average roughness w rms .
It should be noted that the surface roughness w rms for d ¼ 5:0 and 6.0 nm deviates obviously from the above fitting slope (see Fig. 4 ). We propose that the balance between the shadowing effect and the reemission process happened in this deposition stage leads to the above phenomenon. By drawing the surface profile along the white line marked in Figs. 2(a) and 2(b) , both the shadowing and reemission process on the granule surface can be vividly seen in Fig. 5 .
When the nominal thickness is small ( 2:0 nm), the granule surface is relatively flat due to the liquid substrate and most of the landing atoms may be deflected elsewhere, as shown in Fig. 5(a) . Therefore, the sample surfaces become rougher and the growth exponent ¼ 0:48 AE 0:05 is obtained. As the nominal thickness goes up, the shape of granules changes to spherical due to the shadowing effect and the relative large Schwoebel barrier of the islands, and then deep grooves appear, as shown in Fig. 5(b) . In this case, though the shadowing effect still happens, the reemission process should be taken into account: the landing Ag atoms may be deflected to deep grooves and therefore the increase of the surface roughness is reduced. In this case, the surface roughness for d ¼ 5:0 and 6.0 nm can be no more well fitted by the slope ¼ 0:48 AE 0:05, as shown in Fig. 4 . Moreover, the surface profile in Fig. 5(b) shows periodic evolution and the correlation length is determined as % 50 nm, which is approximately equal to the mean diameter of the granules È g .
According to the above discussions, now we can present the detailed kinetic roughness evolution and formation mechanism of the nanostructured Ag islands. At the beginning of the deposition, the Ag atoms landed on the oil surface nucleate to form plateau-shaped granules due to the weak interaction between the deposition atoms and the oil molecules. After that, parts of deposition atoms land directly on the island surfaces and both the shadowing effect and the relatively large Schwoebel barrier of the islands result in the sharp increase of the average surface roughness w rms (see the region d 4:0 nm in Fig. 4) . The above kinetic process of the Ag atoms finally result in the relatively large growth exponent ¼ 0:48 AE 0:05. As the deposition continues, the shape of granules becomes spherical, and then the reemission process of the atoms is taken into account. In this case, the growth of the islands is determined by the balance between the shadowing effect and the reemission process. Therefore, the increase of the surface roughness is lowered and the surface roughness for d ¼ 5:0 and 6.0 nm deviate obviously from the slope ¼ 0:48 AE 0:05, as shown in Fig. 4 . As the nominal thickness further increases, the islands interconnect with each other to form continuous Ag films, and the atoms may totally land on the film surface. In this deposition stage, it can be predicted that the growth of the landing atoms becomes similar to that on the solid surface, the dynamic scaling of which is described by the traditional KPZ equation.
Conclusions
By using AFM, the kinetic roughening and the formation mechanism of the nanostructured Ag islands on the silicone oil surfaces are studied. It is found that the Ag islands are composed of quasi-circular granules with the mean planar diameter È g ¼ 50:0 nm, which is approximately independent of thickness d. Our measurement indicates that the geometrical shape of the granule changes from plateau to sphere as the thickness increases. The dynamic scaling investigation demonstrates that the roughness exponent varies in the range of 0.8-0.9. Meanwhile, the linear fit of the double logarithmic w rms vs d diagram gives the growth exponent ¼ 0:48 AE 0:05 for d 4:0 while the average roughness for d ¼ 5:0 and 6.0 nm deviate this slope obviously. This anomalous dynamic scaling is attributed to the balance between the shadowing effect and reemission process during the deposition: shadowing effect dominates the early deposition process leading to the formation of spherical-shaped granules and then sharp increase of the average surface roughness w rms and reemission process that resulting from the appearance of deep grooves among the granules in the following stages reduces w rms . 
